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Abstract 

(Lao.74Bio.ioSr0.i6)Mn03_5  (LBSM)-(Bi203)o.7(Er203)o.3(ESB)  composite  cathodes  were  fabricated  for  intermediate-temperature  solid  oxide 
fuel  cells  with  Sc-stabilized  zirconia  as  the  electrolyte.  The  performance  of  these  cathodes  was  investigated  at  temperatures  below  750  °C  by 
AC  impedance  spectroscopy  and  the  results  indicated  that  LBSM-ESB  had  a  better  performance  than  traditional  composite  electrodes  such  as 
LSM-GDC  and  LSM-YSZ.  At  750  °C,  the  lowest  interfacial  polarization  resistance  was  only  0. 1 1  £2  cm2  for  the  LBSM-ESB  cathode,  0.49  £2  cm2 
for  the  LSM-GDC  cathode,  and  1.31  £2  cm2  for  the  LSM-YSZ  cathode.  The  performance  of  the  cathode  was  improved  gradually  by  increasing 
the  ESB  content,  and  the  performance  was  optimal  when  the  amounts  of  LBSM  and  ESB  were  equal  in  composite  cathodes.  This  study  shows  that 
the  sintering  temperature  of  the  cathode  affected  performance,  and  the  optimum  sintering  temperature  for  LBSM-ESB  was  900  °C. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Lai-jcSr^MnOs  (LSM)  perovskite  is  regarded  as  one  of  the 
most  promising  materials  for  solid  oxide  fuel  cell  (SOFC)  cath¬ 
odes  because  of  its  high  levels  of  thermal  and  chemical  stability. 
However,  due  to  its  low  oxide  ionic  conductivity  and  high  acti¬ 
vation  energy  for  oxygen  disassociation,  LSM  is  not  suitable  for 
SOFCs  operating  at  temperatures  below  800  °C.  One  commonly 
used  means  for  improving  electrode  performance  in  SOFCs 
is  to  add  an  ionically  conducting  second  phase  to  the  elec¬ 
tronically  conducting  electrode  materials  [1,2].  For  example, 
yttria- stabilized  zirconia  (YSZ)  is  often  mixed  with  strontium- 
doped  lanthanum  manganite  (LSM),  resulting  in  interfacial 
resistance  (. R )  values  significantly  lower  than  that  of  single-phase 
LSM  cathodes  [2-6].  Murray  et  al.  and  Hui  Zhao  et  al.  reported 
the  interfacial  polarization  resistance  (area- specific  resistance) 
at  700° C  decreased  from  7.82  £2  cm2  for  an  LSM  cathode  to 
2.49  £2  cm2  for  an  LSM-YSZ  cathode,  and  further  down  to 
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1.78  £2  cm2  and  1.06  £2  cm2  for  the  LSM-CBO  (Ceo.7Bio.3O2) 
and  the  LSM-GDC  cathode,  respectively  [7,8].  It  is  believed 
that  the  cathode  properties  can  be  improved  by  increasing  the 
triple  phase  boundary  (TPB)  formed  on  the  electrolyte/electrode 
interface.  For  this  purpose,  the  ionic  conducting  material  should 
have  a  high  level  of  conductivity  at  low  temperature.  It  has  been 
shown  that  the  LSM-CGO  composite  electrode  always  has  a  bet¬ 
ter  performance  than  that  of  LSM-YSZ,  due  to  the  much  higher 
oxide  ion  conductivity  of  CGO  at  low  temperature.  Although 
the  LSM-CGO  composite  cathode  has  much  improved  catalytic 
properties,  searching  for  alternative  materials  is  still  attractive. 
Bismuth-based  oxides  have  been  investigated  recently  as  pos¬ 
sible  cathode  materials  in  IT-SOFC  [9].  Doped  bismuth  oxide 
systems  have  high  levels  of  oxide  ion  conductivity  [10].  For 
instance,  Er203 -stabilized  BEO3  (ESB)  has  the  highest  level  of 
oxygen  ion  conductivity  (0.37  S  cm-1  at  973  K)  [1 1,12]  and  is 
expected  to  improve  the  cathode  performance  by  playing  the 
role  of  CGO  or  YSZ. 

This  study  was  designed  to  examine  the  composite  cath¬ 
odes  of  the  (Lao.74Bio.ioSro.i6)Mn03_<5-(Bi203)o.7(Er203)o.3 
(LBSM-ESB)  system.  BEO3  is  an  effective  sintering  aid  [13] 
and  these  composite  cathodes  have  good  sintering  properties.  We 
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examined  the  effect  of  sintering  temperature  on  the  polarization 
resistance  of  the  composite  cathode. 

2.  Experimental 

The  (Lao.74Bio.ioSro.i6)Mn03_5  (LBSM)  powder  was  syn¬ 
thesized  by  autoignition  of  citrate-nitrate  gel  as  described 
[13-15].  La(N03)3-6H20  (>99.0%),  Sr(N03)2  (>99.5%),  and 
Mn(NC>3)24H20  (>99.0%)  in  stoichiometric  proportions  were 
mixed  together  in  a  water-bath  at  80  °C.  When  they  were  dis¬ 
solved  completely,  a  certain  amount  of  citric  acid  was  introduced 
to  form  the  LSM  precursor  solution.  Bi(N03)3*5H20  (>99.0%) 
in  stoichiometric  proportion  was  dissolved  in  diluted  nitric  acid 
solution.  The  solution  of  Bi(N03)3  was  added  to  the  LSM  pre¬ 
cursor  solution,  mixed  and  dried.  The  dry  material  was  sintered 
in  air  at  850  °C  for  6  h.  The  (Bi203)o.7(Er203)o.3  (ESB)  powder 
was  synthesized  by  the  conventional  solid  reaction.  Stoichio¬ 
metric  amounts  of  Bi203  (>99.99%)  and  Er203  (>99.9%)  were 
mixed  with  ethanol  and  zirconia  balls  in  a  planetary  ball  mill  for 
3  h,  then  dried  and  heated  at  750  °C  in  air  for  10  h.  The  product 
was  ball-milled  again  for  2  h  to  disrupt  any  aggregate. 

LBSM-ESB  mixtures  were  prepared  by  mixing  LBSM  pow¬ 
der  with  an  appropriate  amount  of  ESB  (20wt.%,  30wt.%, 
40wt.%,  50wt.%  and  60wt.%,  corresponds  to  15.74  vol.%, 
24.25  vol.%,  33.24  vol.%,  42.76  vol.%  and  52.84  vol.%,  named 
LBSM-ESB  1,  LBSM-ESB  2,  LBSM-ESB  3,  LBSM-ESB4  and 
LBSM-ESB 5,  respectively).  Some  of  the  LBSM-ESB 4  pow¬ 
der  mixture  was  sintered  in  air  at  1000  °C  for  10  h  in  order  to 
determine  the  chemical  compatibility  of  LBSM  and  ESB.  The 
LBSM  and  LBSM-ESB 4  powders  were  pressed  uniaxially  into 
a  cylinder  5  mm  in  diameter  and  ~20  mm  in  length  to  measure 
electrical  conductivity.  LBSM  was  sintered  at  1200  °C  for  10  h 
and  LBSM-ESB4  was  sintered  at  1000  °C  for  12  h  in  air.  The 
density  was  greater  than  93%  of  the  theoretical  value  for  the  two 
materials.  Electrical  conductivity  was  measured  by  the  standard 
four-probe  DC  method.  Measurements  were  made  in  air  from 
500  °C  to  750  °C  with  an  interval  of  50  °C. 

Electrolyte-supported  symmetric  cells  for  impedance  study 
were  fabricated  by  screen  printing  the  slurries  of  LBSM-ESB 
onto  both  sides  of  ScSZ  electrolyte  slices.  The  symmetric  cells 
were  sintered  at  900  °C  for  2  h  in  air.  The  area  of  each  electrode 
was  1  cm2.  Silver  mesh,  attached  to  the  cathode  surface  with 
silver  paste,  was  used  as  the  current  collector.  A  four-probe  con¬ 
figuration  was  used  for  electrochemical  impedance  spectroscopy 
(EIS)  measurements. 

Various  phases  of  the  powder  were  identified  with  a  Rigaku 
X-ray  diffraction  (XRD)  diffractometer  at  room  temperature, 
using  monochromatic  Cu  Ka  radiation.  The  electrochemi- 
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Fig.  1.  XRD  pattern  of  LBSM-ESB  composite  materials  sintered  at  1000  °C 
for  10  h. 

cal  performance  of  the  cathodes  was  characterized  at  500  °C, 
550  °C,  600  °C,  650  °C,  700  °C,  and  750  °C  in  air  by  EIS  at  open 
circuit,  using  AC  impedance  spectroscopy  (ZAHNER  IM6e) 
with  a  20  mV  AC  signal,  over  a  frequency  range  of  0.05  Hz 
to  1  MHz.  The  micro  structure  of  the  LBSM-ESB/ScSZ  section 
was  studied  by  scanning  electron  microscopy  (SEM). 

3.  Results  and  discussion 

3.1.  X-ray  diffraction  analysis 

It  has  been  reported  that  LSM  reacts  with  YSZ  to  form  the 
insulator  phase  La2Zr2C>7,  which  in  turn  has  a  negative  effect 
on  the  electrochemical  properties  of  the  LSM-YSZ  composite 
cathode.  So,  it  is  necessary  to  know  the  compatibility  of  LBSM 
with  ESB.  Fig.  1  shows  the  X-ray  diffraction  (XRD)  pattern  of 
the  LBSM-ESB 4  composite  material.  It  was  observed  that  the 
initial  mixed  powders  gave  the  typical  XRD  patterns  coming 
from  LBSM  and  ESB  in  solid  solution.  No  other  phase  was 
observed  after  the  mixture  was  heated  at  1000  °C  for  10  h  and  we 
concluded,  therefore,  that  the  LBSM-ESB  composite  material 
is  stable  under  the  experimental  conditions. 

3.2.  Electrical  conductivity 

The  electrical  conductivity  of  pure  LBSM  was  higher  than 
that  of  LBSM-ESB4  at  the  same  temperature  (Table  1).  The 
disparity  increased  with  decreased  temperature.  For  example,  at 
750  °C,  the  electrical  conductivity  of  LBSM  and  LBSM-ESB4 


Table  1 

Electrical  conductivity  of  LBSM  and  LBSM-ESB4  at  different  temperatures 

Temperature 

750  °C  700  °C  650  °C  600  °C  550  °C  500  °C 

Conductivity  of  LBSM  (S  cm-1)  158  154  145  139  135  130 

Conductivity  of  LBSM-ESB4  (Scm”1)  145  138  127  117  104  95 
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was  158  S  cm-1  and  145  S  cm-1,  respectively,  and  at  650  °C,  the 
values  were  decreased  to  145  S  cm-1  and  127  S  cm-1,  respec¬ 
tively.  The  electrical  conductivity  should  be  acceptable  for  the 
cathode  at  ~700  °C. 

3.3.  Effect  of  ESB  content 

Fig.  2a-f  shows  typical  cross-section  SEM  images  of  cath¬ 
odes  sintered  at  900  °C,  with  the  electrolyte  at  the  left.  As  shown 


in  Fig.  2a  and  b,  the  screen-printed  LBSM  layer  is  highly  porous, 
and  the  LBSM  particles  are  uniform  in  size,  which  would  be  of 
great  benefit  for  higher  levels  of  cathode  stability.  In  comparison, 
the  SEM  images  of  LBSM-ESB2  and  LBSM-ESB4  cathodes 
are  shown  in  Fig.  2c-f.  After  its  introduction,  ESB  was  seen  to  be 
surrounded  with  submicrometer  particles,  which  are  revealed  to 
be  LBSM  by  comparing  Fig.  2d  and  f  with  Fig.  2b.  As  shown  in 
Fig.  2c  and  d,  ESB  is  completely  covered  with  LBSM  particles 
when  24.25  vol.%  (30  wt.%)  ESB  is  introduced  into  the  compos- 


Fig.  2.  Typical  fracture  cross-section  SEM  images  of  pure  LBSM  (a)  and  (b),  LBSM-ESB2  (c)  and  (d),  and  LBSM-ESB4  (e)  and  (f)  composite  cathodes  sintered 
at  900  °C. 
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ite  cathode.  So,  ESB  is  in  an  isolated  cluster  and  cannot  provide 
sufficient  ion  transferring  access.  When  42.76  vol.%  (50wt.%) 
ESB  is  introduced,  all  the  ESB  particles  are  surrounded  with 
LBSM,  and  the  LBSM  particles  are  still  completely  connected 
with  each  other  (Fig.  2e-f).  The  mutual  surrounding  of  ionic 
conduction  phase  and  electronic  conduction  phase  is  assumed 
to  effectively  extend  the  triple  phase  boundary  (TPB)  and,  conse¬ 
quently,  enhance  the  electrochemical  activity  of  the  LBSM-ESB 
cathodes. 

Fig.  3a-c  shows  impedance  diagrams  measured  in  air  at 
750  °C,  700  °C,  and  650  °C  for  LBSM,  LBSM-ESB2,  and 
LBSM-ESB4,  respectively.  The  equivalent  circuit  is  presented 
in  Fig.  3d,  modeled  as  the  arc  for  LBSM-ESB2.  Pure  LBSM 
and  LBSM-ESB 4  are  also  modeled  well  by  this  circuit.  The 
promotion  of  cathode  activity  can  be  seen  in  Fig.  3a-c,  where 
the  impedance  spectra  are  compared.  The  difference  between 
real-axis  intercepts  of  the  impedance  plot  is  considered  to  be  the 
electrode  polarization  resistance  R ,  which  is  decreased  as  the 
ESB  content  increased.  Significant  enhancement  of  the  electro¬ 
chemical  activity  for  LBSM-ESB  cathodes  is  clearly  a  result  of 
the  introduction  of  ESB.  Therefore,  one  factor  that  contributed 
to  the  improved  performance  of  the  composite  cathode  was  an 
increase  of  the  ionic  transport  rate. 


It  is  noted  that  the  impedance  spectra  include  a  depressed 
semicircle  in  the  low-frequency  section  and  a  minor  high- 
frequency  arc.  The  low-frequency  semicircle  comprises  the  chief 
contributing  element  in  Fig.  3a-c.  It  has  been  suggested  that  the 
low-frequency  semicircle  can  be  attributed  to  oxygen  adsorp¬ 
tion  and  desorption  on  the  electrode  surface  and  the  diffusion 
of  oxygen  ions  [16-18].  On  the  other  hand,  the  high-frequency 
arc  can  be  attributed  to  polarization  during  charge  transfer.  In 
the  equivalent  circuit  (Fig.  3d),  the  inductance  L  is  attributed 
to  high-frequency  artifacts  arising  from  the  measurement  appa¬ 
ratus.  The  first  resistance  ( Ro )  corresponds  to  the  resistance  of 
the  electrolyte  and  the  lead  wires.  The  second  resistance  (R\) 
is  interpreted  as  the  charge  transfer  resistance,  which  is  con¬ 
tributed  by  electrochemical  reaction  at  the  cathode-electrolyte 
interface.  Values  of  R\  at  700  °C  for  LBSM,  LBSM-ESB2, 
and  LBSM-ESB4  cathodes  were  1.28  Q  cm2,  0.095  Q  cm2,  and 
0.09  Q  cm2,  respectively.  The  Warburg  impedance  (W)  is  related 
to  the  resistance  of  oxygen  adsorption/decomposition  and  the 
diffusion  of  oxygen  ions  in  the  cathode.  Values  of  W  at  700  °C 
for  LBSM,  LBSM-ESB 2  and  LBSM-ESB4  cathodes  were 
4.01  Q  cm2,  0.22  Q  cm2  and  0.12  Q  cm2,  respectively.  The  per¬ 
centage  for  W  in  the  total  polarization  resistance  of  the  three 
composite  cathodes  decreased  with  increased  ESB  volume  con- 
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Fig.  3.  AC  impedance  spectra  measured  at  650  °C,  700  °C,  and  750  °C  for  pure  LBSM  (a),  LBSM-ESB2  (b)  and  LBSM-ESB4  (c)  cathodes,  (d)  Equivalent  circuit 
model. 
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Fig.  4.  Polarization  resistance  of  LBSM-ESB  composite  cathodes  with  various 
ESB  contents. 

tent.  CPE  is  a  constant  phase  element.  The  value  of  capacitance 
is  ~10-5F  and  varies  weakly  with  temperature  in  the  three 
composite  cathodes. 

Fig.  4  summarizes  the  total  polarization  resistance  R  (the 
difference  between  the  real-axis  intercepts  of  the  impedance 
arcs)  for  each  of  the  FBSM-ESB  cathodes  measured  in  air. 
In  general,  the  interfacial  polarization  resistance  decreased  as 
the  ESB  content  increased  to  42.76  vol.%  (50  wt.%),  except  for 
a  small  deviation  with  33.24  vol.%  (40  wt.%)  ESB  content.  R 
increased,  however,  for  a  further  increase  of  ESB  content  to 
52.84  vol.%  (60  wt.%).  This  may  be  due  to  a  decrease  in  the 
continuity  of  the  LBSM  phase  in  the  composite,  and  hence 
a  decrease  in  electronic  transfer  access.  There  is  little  polar¬ 
ization  resistance  when  the  ionic  and  electronic  transportation 
phases  are  formed  at  an  appropriate  rate.  The  pure  LBSM 
cathode  yielded  R  =  2.3  Q  cm2  and  5.3  £2  cm2  at  750  °C  and 
700  °C,  and  the  LBSM-ESB2  cathode  yielded  R  =  0.18  £2  cm2 
and  0.32  £2  cm2  at  750  °C  and  700  °C.  The  optimal  compo¬ 
sition,  LBSM-ESB4,  yielded  R  =  0.11  £2  cm2  and  0.21  £2  cm2 
at  750  °C  and  700  °C,  respectively,  and  LSM-GDC50  yielded 
R  =  0.49  £2  cm2  and  1.06  £2  cm2  at  750  °C  and  700  °C,  respec¬ 
tively.  So,  the  polarization  of  LBSM-ESB4  is  a  factor  of  four  to 
five  times  lower  than  that  of  LSM-GDC50  cathodes  [7].  More¬ 
over,  the  LBSM-ESB 50  value  was  about  20  times  lower  than 
the  polarization  resistance  for  pure  LBSM.  The  greater  effect  of 
ESB  than  that  of  GDC  on  cathode  performance  can  be  explained, 
at  least  in  part,  by  the  higher  ionic  conductivity  of  ESB  [19,20]. 
The  high  performance  that  resulted  from  the  introduction  of 
ESB  was  due  to  the  uniform  distribution  of  the  electronic  con¬ 
ducting  particles  in  the  ionic  conducting  structure  and  at  the 
electrode/electrolyte  interface  (e.g.  Fig.  2e  and  f),  which  simul¬ 
taneously  provided  the  effective  ionic  and  electronic  conducting 
paths  and,  at  the  same  time,  promoted  the  synergistic  process 
involving  the  injection  of  the  mobile  charged  oxygen  species 
into  the  ionic  carriers. 

The  activation  energy  can  be  calculated  from  the  relationship 
of  polarization  resistance  versus  temperature  shown  in  Fig.  5. 
The  activation  energy  was  139  kJ  mol-1,  122kJmol-1  and 
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Fig.  5.  Arrhenius  plot  of  the  polarization  resistance  of  LBSM,  LBSM-ESB2 
and  LBSM-ESB4  cathodes  sintered  at  900  °C. 

1 1 1  kJ  mor1  for  the  LBSM,  LBSM-ESB2,  and  LBSM-ESB4 
electrodes,  respectively.  The  activation  energy  for  LBSM-ESB2 
and  LBSM-ESB4  was  lower  than  those  of  the  other  cathode 
materials.  For  example,  the  activation  energy  for  LSM-YSZ 
was  estimated  to  be  144  kJ  mol-1  [21],  which  is  approxi¬ 
mately  the  value  for  the  activation  energy  of  pure  LBSM. 
Thus,  LBSM-ESB2  and  LBSM-ESB4  would  be  expected  to 
show  lower  polarization  resistance  than  LSM-YSZ,  especially 
at  lower  temperatures.  The  excellent  performance  obtained  for 
the  LBSM-ESB  electrodes  can  be  attributed  to  its  high  level 
of  oxygen  ion  conductivity.  In  addition,  the  activation  energies 
for  oxygen  ion  diffusion  and  the  oxygen  surface  exchange  reac¬ 
tion  are  known  to  be  42(d=2)  kJ  mol-1  and  1 13(zbl  1)  kJ  mol-1 , 
respectively  [22].  The  activation  energy  for  LBSM-ESB 2  and 
LBSM-ESB4  is  similar  to  that  of  the  oxygen  surface  exchange 
reaction,  and  thus  we  suggest  that  the  rate-determining  step  of 
the  electrode  reaction  may  be  an  oxygen  surface  exchange  reac¬ 
tion,  which  is  compatible  with  the  equivalent  circuit  in  Fig.  3d. 

3.4.  Effect  of  sintering  on  polarization  resistance 

As  each  reaction  was  affected  by  the  microstructure  of  the 
electrode,  the  sintering  temperature  had  a  significant  influence 
on  the  polarization  resistance.  Fig.  6  shows  the  relationship  of  the 
total  polarization  resistance  of  LBSM-ESB4  with  sintering  tem¬ 
perature.  It  was  observed  that  sintering  at  900  °C  results  in  the 
minimum  polarization  resistance.  Fig.  7  shows  the  impedance 
spectra  of  the  composite  cathodes  that  were  sintered  at  different 
temperatures  for  2h  and  then  measured  at  700  °C  in  air.  The 
values  of  polarization  resistances  were  0.7  £2  cm2,  0.40  £2  cm2, 
0.21  £2  cm2  and  0.34  £2  cm2  for  sintering  temperatures  800  °C, 
850  °C,  900  °C,  and  950  °C,  respectively.  Fig.  8a-c  shows  the 
SEM  images  of  fractured  cross-sections  of  samples  sintered  at 
800  °C,  900  °C,  and  950  °C,  and  it  can  be  observed  that  the  ESB 
particles  in  composite  cathodes  grow  with  increasing  sintering 
temperature.  The  ESB  particle  size  in  the  composite  cathode 
sintered  at  800  °C  is  about  1  |mm  in  diameter,  and  this  increased 
to  3-4  fxm  at  sintering  temperatures  up  to  950° C.  Meanwhile, 
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Fig.  6.  Polarization  resistance  of  LBSM-ESB4  with  sintering  temperature. 


LBSM  particles  were  partially  aggregated  with  increased  sinter¬ 
ing  temperature. 

The  impedance  spectra  in  Fig.  7  show  that  the  total  polar¬ 
ization  resistance  was  relatively  high  when  the  electrode  was 
sintered  at  800  °C.  The  high  polarization  resistance  may  be 
attributed  tentatively  to  the  low  sintering  temperature  and  there¬ 
fore  the  poor  contact  between  the  LBSM-ESB4  composite 


Fig.  7.  AC  impedance  spectra  of  LBSM-ESB4  composite  cathode  sintered  at 
different  temperatures  for  2  h  and  then  measured  at  700  °C  in  air. 


cathode  and  electrolyte  (Fig.  8a).  Similar  phenomena  have  been 
observed  for  the  LSM-YSZ  composite  cathode  [23].  The  total 
polarization  resistance  was  reduced  when  the  sintering  temper¬ 
ature  was  900  °C.  Considering  the  low  melting  point  of  ESB 
powders,  it  is  possible  that  a  better  contact  was  formed  between 
LBSM  and  ESB  particles,  as  well  as  the  electrode-electrolyte 


Fig. 


Typical  fracture  cross-section  SEM  images  of  LBSM-ESB4  cathode  sintered  at  800  °C  (a),  900  °C  (b),  and  950  °C  (c). 
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interface  at  this  temperature,  which  in  turn  reduced  the  interface 
resistance.  When  the  sintering  temperature  was  raised  to  950  °C, 
however,  the  polarization  resistance  increased  again.  According 
to  Fig.  8c,  it  may  be  due  to  over- sintering  of  the  LBSM-ESB4 
composite  cathode.  In  this  case,  the  ESB  particles  grew  fur¬ 
ther  and  the  LBSM  particles  were  partially  aggregated,  which 
decreased  the  cathode  porosity  and  reduced  the  gas  diffusion 
rate.  The  TPB  in  the  LBSM-ESB4  composite  cathode  and  on 
the  cathode-electrolyte  interface  were  also  decreased.  Conse¬ 
quently,  the  performance  was  weakened  and  the  cathode  had  a 
higher  polarization  resistance. 

It  may  be  possible  to  improve  the  performance  of  the 
LBSM-ESB  cathodes.  For  example,  performance  could  be 
improved  by  optimizing  the  cathode  thickness.  The  cathode 
described  here  is  about  25  p>m  thick.  Earlier  LSM-YSZ  cath¬ 
odes  were  suggested  to  have  an  optimum  thickness  of  about 
40  [xm  [4].  Since  the  conductivity  of  ESB  exceeds  that  of  YSZ, 
the  optimum  thickness  may  be  greater  [7,8].  We  could  change 
the  approach  of  introducing  ESB,  such  as  an  ion-impregnating 
process  instead  of  mixing  directly.  Xu  et  al.  reported  the 
ion-impregnating  process  to  be  very  beneficial  to  cathode  per¬ 
formance  [24] .  In  this  case,  the  final  sintering  temperature  could 
be  reduced,  and  the  ESB  growth  and  the  aggregation  of  LBSM 
particles  would  be  reduced. 

4.  Conclusion 

The  characteristics  of  LBSM-ESB  composite  cathodes  were 
investigated  by  AC  impedance  spectroscopy.  The  polarization 
resistance  was  decreased  by  incorporating  an  ionic  conduct¬ 
ing  phase  (ESB)  in  the  electronic  conducting  phase  (LBSM). 
Although  the  introduction  of  ESB  decreased  the  electrical  con¬ 
ductivity  of  the  cathode  at  750  °C  (158  S  cm-1  for  LBSM  and 
145  S  cm-1  for  LBSM-ESB4),  it  resulted  in  a  significant  reduc¬ 
tion  of  the  polarization  resistance  from  2.3  Q  cm2  for  pure 
LBSM  cathode  to  0.11  £2  cm2  for  an  LSM-ESB4  composite 
cathode  at  750  °C.  The  microstructure  of  the  LBSM-ESB4 
composite  cathode,  varied  in  this  study  by  changes  of  sinter¬ 
ing  temperature,  was  identified  as  having  a  significant  effect 


on  polarization,  and  the  minimum  polarization  resistance  was 
observed  at  a  sintering  temperature  of  900  °C. 
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